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Vibration measurementAbstract The centrifugal force and overturning moment generated by satellite-borne rotating pay-
load have a signiﬁcant impact on the stability of on-orbit satellite attitude, which must be controlled
to the qualiﬁed range. For the satellite-borne rotors’ low working revs and large centroidal devia-
tion and height, and that the horizontal vibration produced by centrifugal force is not of the same
magnitude as the torsional vibration by overturning moment, the balancing machine’s measurement
accuracy is low. Analysis shows that the mixture of horizontal vibration and torsional vibration of
the vibrational mechanism contribute mainly to the machine’s performance, as well as the instabil-
ity of vibration center position. A vibrational mechanism was put forward, in which the horizontal
and torsional vibration get separated effectively by way of ﬁxing the vibration center. From exper-
imental results, the separation between the weak centrifugal force signal and the strong moment sig-
nal was realized, errors caused by unstable vibration center are avoided, and the balancing machine
based on this vibration structure is able to meet the requirements of dynamic balancing for the satel-
lite’s rotating payloads in terms of accuracy and stability.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
The rotating antenna mechanisms, such as the microwave
scanning radiometer and the microwave imager, are important
remote sensing instruments as well as primary payloads in the
meteorological and oceanographic satellites,1,2 generally work-
ing in the mechanical rotary scanning mode. If the inertialforce itself within the antenna scanning mechanism cannot
counteract internally, huge trouble could be caused to satellites
suspended in space with interference torque generated by the
rotation acting on the satellite body.3–6 Firstly, the aroused
vibration in the satellite will directly affect the image pixel reg-
istration accuracy and reduce geographic positioning accuracy
due to image distortion in the detection equipment, the satel-
lite’s technical working index is lowered in consequence; Sec-
ondly, large unbalanced force and moment lead to the
reduction of accuracy and stability of the satellite’s attitude,
so that satellites has to constantly adjust itself in order to
maintain the normal operation at the cost of increasing the fuel
and electricity consumption, which could shorten the working
life and degrade the operational reliability. Obviously, it is
required for rotating antenna elements to be balanced in
Fig. 1 Unbalance test for satellite-borne rotating antenna.
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satellites’ stable operation in orbit.
Brought from rotating antenna parts’ processing errors and
asymmetric integration assembly work, the dynamic unbalance
will generate a certain amount of centrifugal force and the
moment of inertia. In the balancing control for an antenna,
it needs to be installed in a vertical double-plane balancing
machine, so as to simulate working conditions in orbit for test.
According to the test results, the mass distribution of the rotat-
ing parts gets improved by trim and correction at speciﬁc loca-
tions, minimizing the deviation between the mass center,
inertial principal axis and the rotation axis, adjusting the
unbalance to be within the control target range.
Horizontal balancing machines have achieved good results
in many aspects, e.g., self or automatic balancing technology,7,8
kinetic model optimization,9,10 corresponding balancing theo-
ries at different working speeds,11,12 multi-plane separation
techniques,13 optimization algorithm.14,15 In comparison, many
key techniques are not mature yet at present in the vertical hard
bearing double-plane dynamic balancing machine, of which the
separation ratio is unsatisfactory and the measurement accu-
racy is low. Lee and Warkotsch use a frame-style vibration
structure to detect vibration signals through sensors mounted
on different planes of the rotor.16,17 In the study of vertical
automatic balance, Royzman andDrach created automatic bal-
ancing units made as hollow rotor partially ﬁlled with liquid,
and in their units passive balancing is used and those units are
direct controllers as their sensitive element produces force
enough to balance rotor;18 Rajalingham and Bhat presented
an automatic balancer consisting of several balancing balls
which are guided to move in a circular track. In the study the
suitability of a two-ball automatic balancer to balance the resid-
ual unbalance in a vertical rotor is investigated, and the nonlin-
ear analysis revealed that under certain conditions, the system
ultimately settles down to the balanced steady state and thereby
balance the residual unbalance in a vertical rotor completely.19
Ferraris, Andrianoely, Berlioz et al. investigated the balancing
procedure of a rotary refrigerant compressor subjected to fairly
well-known eccentric masses and to a cylinder pressure force.
Particular attention is paid to the inﬂuence of pressure force
on the response of the compressor. It demonstrates that cylinder
pressure plays a negligible role in the case of the rotary machine
presented here, but must be taken into account when high pres-
sure and weak bearing characteristics are combined.20 Hredzak
and Guo proposed a new type of electromechanical balancing
device that can be used for active compensation of variable
unbalance of a rotational machine, the main advantage of
which is in its capability to reduce rotational unbalance in appli-
cations where the value and position of unbalance is variable.21
In the study of spaceborne rotor balancing, Wilson and
Mah presented an approach for automatic balancing and
intelligent fault tolerance and the research focused on the auto-
matic on-line balancing and the associated fault tolerance. In
the automatic balancing system, feedback from sensors mea-
suring rotor motions or forces is used to drive active counter-
weights to null the unbalance and resulting vibrations.22 To
reduce two types of unbalances in the spinning rocket vehicles
and satellites in the atmosphere, static and dynamic unbal-
ances, Sethunadh and Mohanlal developed a novel virtual
instrument-based measurement system which consists of a sin-
gle acquisition board and a power supply unit.23 Brusa and
Zolﬁni carried out a numerical and experimental investigationon the dynamic behaviour of a ﬁxed multi-body fast-spinning
rotor in order to validate the design approach proposed for a
spacecraft.24 However, satellites with multi-body rotors as a
whole are usually balanced through air-bearing spacecraft sim-
ulators. Schwartz and Wiener address the problem of statically
and dynamically balancing a satellite with antenna rotor
mounted supported on its own bearings and driven by a motor
in the satellite body.25,26
The study found that large height and centroidal deviation
give rise to nonlinear deformation of the antenna on one hand;
therefore, there exists large test error; on the other hand, since
the working rev is low, the vibration signals are poor, and the
signals of torque during the test interfere with the signals of
centrifugal force severely. To meet the requirements of high
precision for the rotating antenna balance, sufﬁcient separa-
tion is necessary between the two components so as to reduce
the coupling interference. Accordingly, the reﬂection in the
mechanical system is the separation of the horizontal and tor-
sional vibration aroused by the rotor unbalance. The effective
separation between the two is directly related to the measure-
ment accuracy, which is the key technique of vertical double-
plane balancing machines and also the technical difﬁculties
that has long been not resolved well.
The objective of this paper is to investigate the vibration
mechanism of the balancing machine for the single satellite-
borne rotor’s balancing in advance on the ground. According
to the analysis of the vibration structures of the existing
vertical balancing machines and combined with the properties
of satellite-borne rotating antennas, a new type of vibration
mechanism is presented, then the vibration model is
established and the structural parameters is researched.
Finally, experiments are provided for the veriﬁcation of the
correctness of the separation principle of horizontal vibration
and torsional vibration, and the performance of the balancing
machine based on this new vibration mechanism.
2. Unbalance of satellite-borne rotating antenna
Shown in Fig. 1, the satellite-borne antenna mechanism
consists of the reﬂector, bracket, rotating cylinder and other
components. The cylinder is driven by a built-in motor and
connects with the main satellite body at the bottom. Due to
long-term use under the vacuum of space, the oil-bearing
structure is used between the cylinder and the stator. To ensure
the safety of work, the mechanism typically operates at about
10–50 r/min.
Fig. 2 Frame-style measurement diagram.
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the satellite-borne rotating payloads with asymmetric struc-
ture. Thereinto, the cap-shaped antenna reﬂector deviates from
the axis of rotation and has a considerable height from the foot
of the supporting shaft. A rather great overturning moment is
generated as a result when the rotating payload is scanning.
So, in the sensor detecting process, the signal strength of the
overturning moment produced by unbalance is much greater
compared to that of the centrifugal force.
This kind of satellite-borne payloads are generally of low
rigidity, and in order to achieve the high measurement accu-
racy of unbalanced force and moment in the condition of
large-size and low speed, ﬁrst of all, the balancing test struc-
ture of vertical double-plane and hard bearing is adopted.
The test installation is shown in Fig. 1. In the unbalance detec-
tion for satellite-borne rotating parts, two ways are employed
in general: one is the balancing of the components of products,
which are directly installed on the ﬂange of the balancing
machine’s spindle and driven by the spindle when measured;
the other is the balancing of the whole products, in which
the balancing machine’s spindle is ﬁxed and the rotor is driven
by the built-in motor of the product. In the second case, the
balancing machine seen as the satellite body to simulate the
working state in orbit, the unbalance would be reﬂected by
the vibrational mechanism of the dynamic balancing machine.
When performing the balancing correction, the trim should
be operated just on two planes of the rotating cylinder for the
structural reason. The synthetic unbalance U of the entire
antenna assembly is equivalent to the unbalance U1 on the
upper plane z1 and U2 on the lower plane z2, namely
U ¼ U1 þU2
¼ ðU1 cos a1 þU2 cos a2Þiþ ðU1 sin a1 þU2 sin a2Þj ð1Þ
where a1, a2, U1, U2 are respectively the corresponding phase
angles and magnitudes of U1 and U2, and i, j are unit vectors
of X-axis and Y-axis. So, the synthetic couple unbalance V is
expressed as
V ¼ k ðIxziþ IyzjÞ ¼ k ½ðU1z1 cos a1 þU2z2 cos a2Þ
iþ ðU1z1 sin a1 þU2z2 sin a2Þj ð2Þ
where Ixz and Iyz are respectively the rotating body’s product
of inertia relative to the coordinate system OXYZ, and k is
the unit vector of Z-axis.
All the above analysis shows that the dynamic unbalance
could be described with two kinds of components, the static
unbalance U and the couple unbalance V. According to the
structure parameters of the vibration system and sensor
signals, through appropriate calibration for the electrical test
system to establish relationships between electrical and
mechanical systems, the unbalance distributed on correction
planes is quickly and accurately considered by Eqs. (1) and
(2), then the trimming would be carried on.
3. Analysis of general vibration mechanisms
3.1. Frame-style vibration mechanism
The positions of the sensors in the frame-style vibration mech-
anism are shown in Fig. 2. c is the mass center of the spindle
system (the test pieces included), and assumed to be between
the upper sensor and the lower sensor(similarly in other cases).F1 and F2 are the concentrated unbalanced force of the two
correction planes, which are in the same phase to facilitate
the discussion. L1 is the distance between F1 and F2 vertically,
L2 is the distance between F2 and sensor 1 vertically, L3 is the
distance between sensor 1 and X1-axis vertically, L4 is the dis-
tance between sensor 2 and X1-axis vertically, and L5 is the dis-
tance between point O1 and X1-axis vertically. In the vibration,
the spindle system generates horizontal displacement x1 by the
unbalance forces F1 and F2, as a result, the mass center moves
from c to c0; meanwhile, the spindle system rotates around c0
with the rotation angle h1 under the action of the unbalanced
moments F1(L1 + L2 + L3) and F2(L2 + L3). The intersection
of the spindle axis and the rotation axis O1 is the vibration
center.
Let the two sensor measurement values be N1 and N2, then
the relationship between the values and the unbalanced forces
is
N1 ¼ F1ðL1 þ L2 þ L
0 þ kÞ þ F2ðL2 þ L0 þ kÞ
L0 þ 2k
N2 ¼ F1ðk L1  L2Þ þ F2ðk L2Þ
L0 þ 2k
8><
>>: ð3Þ
where L0 = L3 + L4, k ¼ k2=L5k1, and k1 and k2 are the hor-
izontal and torsional rigidity of the vibration mechanism
respectively.
With Fig. 2 and the Eq. (3), the centrifugal force and the
moment are detected by sensors at the same time, when
the horizontal signal and the rotational signal are mixed with
the result of severe superimposed interference. What’s more,
sensors should be resolved to obtain the unbalance of each
correction plane, and if there exist performance errors in sen-
sors, mutual coupling effects would result in the ampliﬁcation
of the measurement errors of the unbalances, which is closely
related to the sensors coupling degree. Therefore, it is not con-
ducive to improve the unbalance separation accuracy of each
correction plane, reducing the effect of the balance correction
at a time.
Supposing that an existing unbalance U0 is at the height of
h1 in the test antenna, the change of the displacement of the
spindle system during the measurement is indicated in Fig. 3.
A new vibration mechanism of balancing machine for satellite-borne spinning rotors 1321where x1, x
0
1 are respectively the corresponding displace-
ments of the locations of the mass center and the sensor, then
x01 ¼ x1 þ Dx
Dx ¼ L3h1 ¼ uðU0; h1Þ

ð4Þ
Seen from Eq. (4), Dx is the linear function13 of variable U0,
h1. The torsional stiffness is much larger than the horizontal
stiffness and the rotation angle h is rather small, as a result,
Dx << x1; from the structural point of view, the rotating part
is of greater height, so that while h1 is of small amount of
change, there is little change of Dx if the unbalance U0 is of
rather height (namely h1 is large) according to Eq. (4). These
two factors result in insensitivity of sensors to the unbalances
in high positions, so, vibration mechanisms of this type are not
suited to satellite-borne rotating antennas with the centroid
deviation aloft.
Since the general vibrating motion of the system can be
considered as the synthesis of the horizonal motion along with
the mass center and the torsional motion around the mass cen-
ter, there should be a point that is determinate in the vibration
system (or the extension) and called the vibration center as
shown in Fig. 2. In order to improve the height of the vibration
center, Li optimized the design on the basis of the frame-style
mechanism.27 However, due to the change of test pieces, speed
ﬂuctuation and the instability of the vibration center by long-
term operating, the actual mechanical separation ratio will
change, the permanent calibration is unable to achieved, and
the plane separation error occurs after subsequent electrical
measurements. Therefore, this type of applications has great
limitations when used for the spinning antennas.
In addition, to measure the static unbalance and the couple
unbalance at the same time, k1 and k2 should be on the same
order of magnitude; however, it is hard to achieve in structural
design for the frame-style mechanism using the spring-plate to
reﬂect the static and couple unbalances simultaneously.
3.2. Bi-directional vibration mechanism
In this type of mechanisms the sensor installation is shown in
Fig. 4. Also, the coordinate system is established with the mass
center of the spindle system as the origin. To simplify the
description, it is assumed that the test body contains
concentrated unbalanced force on a single plane, namely
F3 = mrx
2 cos (xt). The perpendicular distance from massFig. 3 Change of displacement of spindle system during
measurement.center c to the sensor 1 is a, the perpendicular distance from
the unbalance F3 to the sensor 2 is h2, and the horizontal dis-
tance from the sensor 2 to the rotation axis is b. k3 and k4 are
the horizontal and torsional rigidity of the vibration mecha-
nism respectively.
During vibrating process, the mass center c has a horizontal
offset x2, while the rotation angle of the spindle system around
the mass center is h2, then
x2 ¼ F3
k3
h2 ¼ ðaþ h2ÞF3
k4b
2
8><
>: ð5Þ
and the corresponding displacement of the installation loca-
tion of sensor 1 is
x02 ¼
1
k3
þ aðaþ h2Þ
k4b
2
 
F3 ð6Þ
so, the perpendicular distance from the vibration center O2 to
sensor 1 is
L ¼ x
0
2
h2
¼ k4b
2
aþ h2 þ k3a ð7Þ
On the one hand, the position of the mass center of the
spindle system will generally change as the test pieces are dif-
ferent, on the other, the installation of the sensor 1 will bring
about the positional deviation because the horizontal mechan-
ical part of this type of testing mechanisms cannot be well
identiﬁed. According to Eqs. (5)–(7), the uncertainties of a,
h2 and a+ h2 caused by the above two factors, are likely to
cause the error of rotation angle h2 and the displacement x02
of the installation location of the sensor 1; moreover, the insta-
bility of L, the position of the vibration center, could result in
the calibration error of the measurement system eventually as
well. Therefore, the vibration mechanisms based on this prin-
ciple always have unsatisfactory stability, and is unable to
meet the high-precision requirement of satellite-borne rotating
payloads.Fig. 4 Bi-directional measurement diagram.
Fig. 6 Separation mechanism of static and couple unbalance.
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Fig. 5 shows the originally designed principle prototype of the
vibrational mechanism, which has achieved good performance.
However, the spindle system of the structure is carried by two
cross spring rods, for which it is hard to meet the load require-
ments under the conditions of large size and quality. Thus,
ﬂoating phenomenon may appear in the course of rotation,
reducing the measurement stability.
In the research of this ﬁeld, the vibration mechanism of the
typical balancing machines represented by E series from
Schenck of Germany, adopts a ﬂexing member as the torsional
fulcrum, which is similar to the cross structure s- shown in
Fig. 5 in principle but is of high price and unsatisfactory eco-
nomic efﬁciency.
Aimed at the problems existing in the conventional mecha-
nisms, combined with the cross-shaped swing frame theory, a
new vibration mechanism is proposed to meet the speciality
of satellite-borne rotating payloads.
4.1. Vibration mechanism
Fig. 6 shows the diagram of the new type of dynamic balancing
vibration mechanism, in which the whole structure is connected
to the base trough the left and right horizontal spring-plates
and the spindle system (including test piece) coordinates with
the torsional shaft through the support. Under the action of
the centrifugal force generated by the unbalance in the test
piece, the spindle system, support and torsional shaft make a
horizontal vibration along with the support board when rotat-
ing, meanwhile the spindle system and the support swing
around the torsional shaft by the overturning moment. This
vibration system is limited to the above two degrees of freedom.
In the vibration mechanism, the spindle system is mounted
on the torsional shaft. On the one hand the position of the tor-
sional center is determined, on the other hand the carrying
capacity of the spindle is improved so as to meet the measure-
ment requirements of antenna rotors with large weight. The
horizontal vibration resulting from the centrifugal force is
embodied in the horizontal spring-plate, while the torsional
vibration in the torsional spring-plate is detected respectively
by the horizontal sensor 1 and the vertical sensor 2. In the
establishment of dynamic model, the torsional center is set as
the reference origin. Therefore, the measurement of the unbal-
ance is not concerned with the stability of the position of the
vibration center, which avoids the errors always appearing in
constant vibration mechanisms.
And, since the overturning moment of the satellite-borne
antenna is larger, that is, the couple unbalance is much greaterFig. 5 Cross-shaped swing frame.than the static unbalance, in order to ensure the signal strength
of the sensor, the horizontal spring-plate’s thickness cannot be
too large, which is in contradiction with that the vibration
mechanism should have a large rigidity to meet the large weight
of the antennas. Therefore, the optimization design is necessary
for the vibration characteristics of the mechanism to achieve the
optimal performance via the analysis software like Ansys.
4.2. Vibration of analysis
In Fig. 7, the spindle system shifts and tilts under the static and
couple unbalances, and O3 and O
0
3 are the corresponding posi-
tions of the torsional centers before and after the deﬂection.
The coordinate system O3X3Y3Z3 is set at the origin of the cen-
terO3 of the torsional shaft while theO4X4Y4Z4 at themass cen-
terO4 of the spindle system, and the orientation is shown in the
ﬁgure. The sensors are used to measure the signals of the hori-
zontal and torsional motions. l is the distance from sensor 2 to
the axis of the spindle with the angular velocity x, and the dis-
tance fromO4 to the torsional shaft axis isH in the vertical direc-
tion. The rigidity of the left horizontal spring-plates is k5, the
same as the right one, and the rigidity of the torsional spring-
plate is k6. u1 and u2 are assumed to be the unbalance of the
two correction planes, and the phase angles are a1 and a2 accord-
ingly. h is the rotation angle of the spindle system, and x is the
horizontal displacement of the translational body.Fig. 7 Model of vibration system.
A new vibration mechanism of balancing machine for satellite-borne spinning rotors 1323u1 and u2 can be described by the static unbalance U and
the couple unbalance V, whose phase angles are a3 and a4
respectively. Let F be the centrifugal force and T the overturn-
ing torque, so F= Ux2 cos (xt+ a3), T= Vx
2 cos (xt+ a4).
Ignoring the gravity torque and the system damping, the differ-
ential equation of the vibration system is
M€xþmH€hþ 2k5x ¼ F
J€hþmð€xþH€hÞHþ k6l2h ¼ Fhþ T
(
ð8Þ
whereM is the total mass, m the mass of the rotational body, J
the inertia of moment of the rotational body about the rota-
tion center, and h the vertical distance of the static unbalance
from the torsional center O03.
Using Laplace transform, the Eq. (8) changes to be
ðMs2 þ 2k5ÞxðsÞ þmHs2hðsÞ ¼ FðsÞ
ðJs2 þmH2s2 þ k6l2ÞhðsÞ þmHs2xðsÞ ¼ FðsÞhþ TðsÞ
(
ð9Þ
Let xn1 ¼
ﬃﬃﬃﬃﬃﬃﬃ
2k5
M
r
;xn2 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k6l
2
Jþmh2
s
respectively the natural
frequencies of the horizontal motion and the torsional motion
of the vibration system, then the response equation obtained
from Eq. (9) is
Mðx2n1  x2ÞxðjxÞ mHx2hðjxÞ ¼ FðjxÞ
ðx2n2  x2ÞðJþmH2ÞhðjxÞ mHx2xðjxÞ
¼ FðjxÞhþ TðjxÞ
8><
>: ð10Þ
Because the system is a hard supporting structure, i.e.
xn1  x, xn2  x, Eq. (10) is simpliﬁed to be
2k5x ¼ Ux2 cosðxtþ a3Þ
k6l
2h ¼ Ux2 cosðxtþ a3Þ þ Vx2 cosðxtþ a4Þ

ð11Þ
The two corresponding values Fn1, Fn2 of the sensors are
Fn1 ¼ k5x
Fn2 ¼ k6lh

ð12Þ
So, the following equation can be obtained from Eqs. (11)
and (12):
U ¼ 2Fn1
x2 cosðxtþ a3Þ
V ¼ Fn2l 2Fn1
x2 cosðxtþ a4Þ
8><
>: ð13Þ
The equation above shows the relationship between the
unbalance and the values of sensors, in which the sensor 1 is
mounted in the position just corresponding to the torsional
shaft’s center and the static unbalance is reﬂected singly by
the sensor 1, eliminating the interference by the couple unbal-
ance and achieving mechanical separation between the hori-
zontal signal and the torsional signal.
4.3. Parametric analysis
Eq. (8) is solved to be
x¼Ux2ðk2l2Jx2m1H2x2þm1Hhx2Þcosðxtþa3Þþm1Hx4Vcos
ðxtþa4Þ=ð2k1mx2Þðk2l2Jx2m1H2x2Þm21H2x4
h¼Ux2ðm1Hx2þ2k1hmhx2Þcosðxtþa3Þþð2k1mx2Þx2V
cosðxtþa4Þ=ð2k1mx2Þðk2l2Jx2m1H2x2Þm21H2x4
8>>><
>>>:
ð14ÞIn the equation above, the parameters are ﬁxed except the
parameters to be measured related to the unbalance and the
mass center’s position H of the spindle system. Generally,
the mass center O4 does not coincide with the torsional shaft’s
center O03 (namely H „ 0), so that the value of H changes with
different test pieces. Therefore, the effect of the vibration sys-
tem bears on not only the unbalances but also the test piece
itself, which is not conducive to creating a strict proportion
of the test system and the mechanical system.
Since the vibration mechanism is classiﬁed to be the hard
bearing structure, and the natural frequency of vibration sys-
tem is much larger than x, Eq. (14) with the components con-
taining x2 omitted turns into
x ¼ Uk2l
2x2 cosðxtþ a3Þ þm1HVx4 cosðxtþ a4Þ
2k1k2l
2
h ¼ Uhx
2 cosðxtþ a3Þ þ Vx2 cosðxtþ a4Þ
k2l
2
8>><
>>:
ð15Þ
For further simpliﬁcation, the equation above is to be
x ¼ Ux
2 cosðxtþ a3Þ
2k1
h ¼ Uhx
2 cosðxtþ a3Þ þ Vx2 cosðxtþ a4Þ
k2l
2
8><
>: ð16Þ
This result is consistent with Eq. (11), in which it is clear
that the effect of H is eliminated on the horizontal displace-
ment x and the angle of rotation h. So, this will ensure that
the vibration effect structurally has nothing to do with the test
piece and only the unbalance is relevant.
5. Performance test
To check the claimed performance of the prototype employing
the new vibration mechanism, two independent experiments
will be conducted: the mechanical separation principle experi-
ment (couple unbalance interference on static unbalance), and
the detection of Umar (stability detection of minimum achiev-
able residual unbalance).
5.1. Separation of horizontal vibration and torsional vibration
The deduction from Eqs. (11) and (12) is
Fn1 ¼ Ux
2 cosðxtþ a3Þ
2
Fn2l ¼ Ux2 cosðxtþ a3Þ þ V cosðxtþ a4Þ
8<
: ð17Þ
Usually in the evaluation tests of performance in the
balancing machine, the indication interference of the couple
unbalance on the static unbalance is requested only on the sin-
gle plane balancing machine. Since the couple unbalance is
much larger than the static unbalance in the satellite-borne
antenna, further observation is necessary to observe the inter-
ference from the couple unbalance especially at low revs. It is
an experimental prototype in Fig. 8.
In Fig. 8, a standard testing rotor R should be ﬁxed on the
spindle’s ﬂange, of which the massMR = 47.6 kg, the diameter
D= 100 mm, and the height HR = 510 mm. The rotor R has
eight testing surfaces 1–8 from low to high evenly with the
space Dh= 50 mm. The distance from the testing surface 1
to the center of the rotational shaft is 150 mm, 8 testing holes
Fig. 8 Practical small-scale testing vibration mechanism.
1324 Q. Wang, F. Wangis around each surface uniformly (requiring higher positioning
accuracy), and the testing radius r1 = 50 mm. The test mass
m1 = 20 g is mounted in any of the eight holes of the 8 surfaces
in turn, and the test speed is n1 = 80 r/min. The values of the
two sensors are recorded during the stable rotation and data is
shown in Fig. 9 after processing.
From Fig. 9, with the increase of load height, the readings
of the sensor 1 remain unchanged on the whole, while the var-
iation of the sensor 2 is proportional to the height of the test-
ing surface, which agrees with the Eq. (17). Experimental
results show the correctness of the separation principle of the
horizontal vibration and the torsional vibration in the vibra-
tion mechanism, the interference by the couple unbalance is
greatly reduced, and the weak centrifugal force signal is
extracted from the large moment well, which provides a theo-
retical basis for the development of the balancing measurement
system for satellite-borne rotating payload.Fig. 9 Results of separation between
Fig. 10 Readings of two angl5.2. Detection of minimum achievable residual unbalance
5.2.1. Identiﬁcation of the mount of minimum residual unbalance
The surface 2 of standard rotor R is selected as the correction-
plane 1, and the test mass m2 = 160 g is added to the eight
angular positions of correction-plane 1 successively. The test-
ing radius r2 = 75 mm, and the working speed n2 = 80 r/
min. The corresponding unbalance readings of every angular
position in the correction-plane 1 are shown in Fig. 10(a),
where the upper dotted line corresponds to the maximum
Xmax1 = 233 g and the lower dotted line corresponds to the
minimum Xmin1 = 89 g. Then the minimum amount of resid-
ual unbalance is
Umar1 ¼ ðXmax1  Xmin1Þr=2 ¼ 0:0054 kg m
Similarly, the surface 6 of rotor R is selected as the correc-
tion-plane 2, so the minimum amount of residual unbalance
from Fig. 10(b) is Umar2 = 0.00525 kg Æ m.
Eq. (18) is obtained by the deﬁnition of the minimum spe-
ciﬁc unbalance e.
Umar ¼ MRe
e ¼ Umar1
M1
¼ Umar2
M2
M1 þM2 ¼ MR
8><
>: ð18Þ
where M1 is the corresponding mass of correction-plane 1,
M2 is the corresponding mass of correction-plane 2, then
the minimum residual unbalance Umar = 0.01065 kgÆm by
Eq. (18).horizontal and torsional vibration.
e positions of test mass m2.
Fig. 11 Results of correction-plane 1 and 2.
Fig. 12 Practical prototype of eventually forming measurement
system.
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This test aims to check the claimed minimum achievable resid-
ual unbalance Umar of the standard rotor by the balancing
machine with the new type of vibration mechanism in terms
of measurement stability. The test is carried out at the lowest
speed, and balancing machine has the lowest sensitivity at the
moment. For the standard testing rotor R, the minimum resid-
ual unbalance Umar exists. The testing radius r3 = 75 mm. The
test mass should be m3 2 [5Umar/r3, 10Umar/r3] in accordance
with the usual practice; however, let m3 = Umar/r3 = 142 g
for the standard mass is too large to ﬁt the measurement range.
The surface 6 of rotor R is selected as the correction-plane 3
and the test mass m3 is added in turn to the eight holes of the
correction-plane 3. Running the rotor R after each load, the
readings of the correction-plane 1 and correction-plane 2 are
recorded so that 9 pairs of data are obtained. Each reading is
divided by their average of all readings of the respective plane
and the results are shown in Fig. 11.
In Fig. 11, the two dotted lines (0.88 and 1.12) represent the
value limits (±12%) of the arithmetic mean in each correc-
tion-plane. Known from these two ﬁgures, all plotted points
are within the scope of the two dotted lines, which show a lin-
ear relationship on the whole. Thus, the balancing machine
based on this vibration mechanism is able to pass the Umar test,
namely, with a stable balancing accuracy, it reaches the
claimed minimum achievable residual unbalance.
6. Conclusions
The balancing of satellite-borne rotating payloads is very dif-
ferent from traditional rotors’ so that it is necessary to propose
new test methods and theories for dynamic balancing. A new
vibration mechanism is introduced, in which the principle of
the separation of the translation motion and the rotationmotion is adopted in order to extract the weak centrifugal
force signal from the larger overturning moment’s effectively.
The key issues of the low working revs and the large sizes of
both the height and the centroid deviation are solved, and
the defects such as poor stability and low accuracy are over-
come largely. The way of determining the torsional center is
used to avoid the errors aroused by the uncertainty of the
vibration center. Engineering practice shows that this vibration
mechanism has the superiority in the balancing for satellite-
borne rotating payloads compared to other similar balancing
machines, and it also has good property of mechanical separa-
tion of horizontal and torsional vibration which signiﬁcantly
improves the accuracy and stability of the test. After two
development stages of the principle prototype and the small-
scale prototype the eventually forming measurement system
is shown in Fig. 12.
In order to further improve the accuracy of the weak signal
at low speeds and reduce mechanical interference caused by
belt drive, ultimately the techniques of air-ﬂoating and the
electric spindle are developed based on the practical prototype,
which are applied to the balancing detection and correction for
satellite-borne rotating payloads successfully. Besides, as the
satellite-borne rotors are of large size and mass, on the one
hand, the supporting stability during the rotating operation
is improved through the increase of the air-ﬂoating platform’s
size; on the other hand, the measurement system employs the
electronic compensation measures to reduce or offset the
errors of the vibration system aroused by the large height of
the centroid deviation of the rotating antenna.
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